This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. (CMs) is crucial for both, safety and efficiency of cell replacement therapy. Moreover, the function of the cardiac pacemaker is controlled by the activities of hyperpolarization-activated cyclic nucleotide-gated (HCN) channels. Here we have examined changes in HCN gene expression and function during cardiomyogenesis. Methods: We differentiated murine iPS cells selected by an undifferentiated transcription factor 1 (UTF 1) -promoter-driven G418 resistance to CMs in vitro and characterized them by RT-PCR, immunocytochemistry, and electrophysiology. Results: As key cardiac markers alpha-actinin and cardiac troponin T could be identified in derived CMs. Immunocytochemical staining of CMs showed the presence of all HCN subunits (HCN1-4). Electrophysiology experiments revealed developmental changes of action potentials and I f currents as well as functional hormonal regulation and sensitivity to I f channel blockers. Conclusion: We conclude that iPS cells derived from UTF-selection give rise to functional CMs in vitro, with established hormonal regulation pathways and functionally expressed I f current in a development-dependent manner; and have all phenotypes with the pacemaker as predominant subtype. This might be of great importance for transplantation purposes.
Introduction
The constant demand for donor organs makes cardiomyoplasty an interesting treatment alternative for failing hearts that respond poorly to pharmacological treatment [1] . Although cell transplantation has modestly improved cardiac function, major goals including increasing cell numbers and quality, cell survival, engraftment, and functional integration into host tissue have to be met. Induced pluripotent stem cells (iPSCs) that can be generated from a patient´s own fibroblasts can differentiate into spontaneously beating cardiomyocyte (CM) clusters within embryoid bodies (EBs). While recapitulating developmental stages of embryonic cardiomyogenesis, iPSCs also represent a candidate source for cardiac cell therapy [2, 3] . To replace embryonic stem cells (ESCs) with iPSCs for transplantation purposes, analysis and comparison of their properties are crucial. Furthermore, it is not known which specific cell type or which condition of cell differentiation and specialization is most appropriate for transplantations. This problem is exacerbated by the lack of techniques to produce a huge amount of cells and of strategies to screen the large numbers of parameters affecting cell therapy. Recent progress in genetic engineering has raised interest in the early development of the mouse heart, but the initiation of electrical and contractile activity in mammalian hearts is still not completely understood. The hyperpolarization-activated cation current (I f ) and the hyperpolarization-activated cyclic nucleotide-modulated (HCN) subunits that underlie it are important components of spontaneous activity and modulate the rate of the murine embryonic heart [4] . The degree of activation of the I f current determines the frequency of action potential (AP) firing. In the heart, I f is found in the Purkinje fibers and in pacemaker (nodal)-as well as in ventricular-and atrial-like cells, where it is believed to mediate the ß-adrenergic stimulation and muscarinergic modulation of the heart rate via direct modulation by cAMP [5] . In mammalian heart cells, the HCN channel family comprises four distinct members (HCN1-4) that underlie the native I f current. In contrast to other members of this superfamily, voltage-gated HCN channels open upon membrane hyperpolarization. By conducting a mixed inward current of monovalent cations (K + , Na + ), the channels cause the membrane to depolarize [6] . However, there are differences in the tissue expression and in the activation properties of each isoform. In the rabbit sinoatrial node (SAN), for example, HCN1 is highly expressed, whereas HCN2 is the dominant isoform in atrial and ventricular myocytes [7] . The HCN3 isoform is expressed at a low level in cardiac cells compared with HCN4, which is a major subtype expressed, particularly in the murine SAN [7] [8] [9] . Regarding their activation properties, HCN1 and HCN4 are associated with a depolarized voltage threshold, with HCN1 displaying the most positive voltage for the activation of I f . HCN2 and HCN3 are correlated with a more negative threshold [10, 11] . Among other reasons, differences in HCN functionality can be explained by differences in regional expression levels. During cardiomyogenesis, the expression levels of the subunits change considerably [12] . To investigate the relationship between HCN channel alterations and pacemaker activity, different mouse transgenic models have been developed [13] . In mammalian heart disease, mutations of HCN channels exert a crucial influence on this rhythmicity. Mutations near the cAMP-binding site induced decreases of the inward diastolic current and, thus, the heart rate. Other mutations in HCN have been shown to cause dysfunctions of the HCN channel [13] [14] [15] . While the presence of the I f current in murine ESC (mESC)-derived CMs is well established [16] , a closer investigation of this current in CMs derived from murine iPSCs (miPSCs), especially from those generated with different techniques (e.g., retrovirus or lentiviral introduction), is still lacking. Because of the spontaneous beating activity of miPSC CMs, we focused our analysis on the If currents. This study deals with changes in HCN protein expression and I f channel activity and sensitivity to specific blockers in CMs derived from miPSCs selected for pluripotency by the UTF1-promoter, which has been shown to generate homogenous and stable pluripotent iPSCs [17] . Functional binding sites for Oct4 and Sox2, the M1 genetic element, important for Nanog expression within the enhancer region of the UTF1-promoter, and possible additional yet unknown factors provide rapid inactivation upon induction of cell differentiation [17] [18] [19] . Because UTF1 is down-regulated faster than other pluripotency markers during this differentiation, UTF1-selection might help to select for uniform, high-quality pluripotent cells, which are a prerequisite for conclusive measurements [17] . We found that culturing miPSCs generated after UTF1 transfection resulted in higher yields of CMs that expressed all four HCN genes in a differentiation stagedependent manner. Moreover, we used the current-and voltage-clamp configurations of the whole-cell patch-clamp technique to record APs and I f currents in the same CMs. We found the presence of all three main pacemaker cell phenotypes, namely, nodal-like, atrial-like, and ventricular-like cells, based on their AP shapes. We analyzed the AP parameters and the hormonal regulation of the spontaneous electrical activity in miPS CMs. The investigation of the basic biophysical properties of I f revealed a high density of the I f current in EDS CMs which was decreased in CMs of LDS. Additionally, the AP parameters of iPS cell-derived CMs generated after UTF1 transfection were comparable with those of CMs generated from ESCs with respect to the stage of differentiation. Therefore, this approach may provide the basis for future optimization of HCN-based biological pacemakers and cell-based heart therapies.
Material and Methods

Cell Culture and in vitro differentiation
For our study, the miPS cell line TiB7-4 kindly provided by Rudolf Jaenisch´s (Whitehead Institute of Technology, MA, USA) [19] was used. TiB7-4 miPSCs were transfected with an UTF1-promoter-driven G418 ("Neo") resistance and enriched for stable pluripotent phenotypes as described. An alpha-myosin heavy chain (αMHC)-promoter-driven puromycin resistance was introduced in order to purify miPS-CMs after differentiation [17] . The mES cell line D3-αPIG44, carrying a puromycin-resistance (αMHC-promoter) and expressing eGFP [20] , was used as control. To maintain their undifferentiated state, mESCs and miPSCs were grown on irradiated, mitotically inactive murine embryonic fibroblasts (MEFs) and cultured with 1 U/µl LIF (leukemia inhibitory factor, ESGRO, Millipore, Billerica, MA, USA). The MEFs were attained from Him:OF1 outbred mice at embryonic day 14.5 and mitotically inactivated by mitomycin C treatment (10 µg/ml, SERVA Electrophoresis GmbH). Murine ES and iPS cell cultures were performed as previously described [2, 17] . Briefly, the differention medium was composed of Iscove´s modified Eagle medium (IMDM) supplemented with 17% fetal calf serum (FCS), 100 U/ml penicillin and 100 mg/ml streptomycin, 1% nonessential amino acids (NEAA), 0.1 mmol/l β-mercaptoethanol (all purchased from Invitrogen). Adherent confluent cells were passaged every 2 days by enzymatical dissociation with 0.05% trypsin/EDTA (Invitrogen) for 5 min at 37°C and 5% CO 2 .
Cardiac differentiation of miPS and mES cells was performed in mass culture as previously described [2] with the addition of ascorbic acid (3 mg/ml) from day 0 to day 3 of differentiation [21] . Colonies of undifferentiated cells (Fig. 1A) were dissociated into single cells with 0.05% trypsin/EDTA (Invitrogen) for 5 min at 37°C and 5% CO 2 . Thereafter, 1×10
6 cells were suspended in 12 ml Iscove´s modified Dulbecco´s medium (IMDM), supplemented with 17% fetal calf serum (FCS), 100 U/ml penicillin, 100 μg/ml streptomycin, 1% nonessential amino acids, and 0.1 mM β-mercaptoethanol, and placed on a horizontal shaker at 37°C and 5% CO 2 . On day 2 of differentiation, cells were diluted to 1000 EBs/dish and further agitated. Beating areas were first detected at day 8 of differentiation. Early developmental stage (EDS) was defined according to the day of differentiation when the majority of EBs started beating (day 10-11), intermediate developmental stage (IDS) two to three days later (day 13) and late developmental stage (LDS) as differentiation on day 15. For immunostaining and whole-cell patch-clamp experiments, single CMs were prepared as previously described [22] .
RT-PCR Analysis
Total RNA was isolated from undifferentiated cells or beating EBs at day 11, 13, and 15 of differentiation using TRIzol Reagent (Invitrogen). 2 µg of total RNA from each sample were reverse transcribed into cDNA using the Superscript VILO cDNA synthesis kit with Superscript III Reverse transcriptase (Invitrogen). 5 µl of each cDNA were applied as template to detect the expression levels of HCN1, HCN2, HCN3, and HCN4 subunits using the DreamTaq Green DNA polymerase kit (Thermo Scientific) in a total reaction volume of 20 µl. PCR cycling conditions were: Initial denaturation at 94°C for 2 min and 94°C for 35 s with each 
Immunocytochemical staining
Colonies of undifferentiated mES and miPS cells and differentiated EBs (on day 11, day 13, and day 15) were dissociated into single cells and small cell clusters, plated on 0.1% gelatin-coated cover slips and cultured for up to 3 days at 37°C and 5% CO 2 . Thereafter, samples were fixed with 4% paraformaldehyde for 20 min at room temperature (RT). Subsequently, cells were permeabilized with 0.5M NH 4 Cl and 0.25% Triton X-100 (Sigma-Aldrich) in 1% bovine serum albumin for 20 min, rinsed 3 times for 5 min with DPBS (Invitrogen), and blocked with Roti-Immunoblock (Roth) for 60 min at RT. Samples were incubated overnight at 4°C with primary antibodies diluted in Roti-Immunoblock (Roth). Negative controls were processed in exactly the same way, but in Roti-Immunoblock (Roth) without any primary antibody during the incubation. The preparations were subsequently incubated with appropriate secondary antibodies for 2 h at RT. Nuclei 
Electrophysiological experiments
For electrophysiological measurements EBs were enzymatically dissociated (0.25% trypsin and 0.05% EDTA, 5 min, 37°C and 5% CO 2 ) and seeded on glass cover slips (22 x 22 mm). Measurements were performed after 48h of incubation on individual CMs that were selected according to their morphology and spontaneous beating activity. The CMs were recorded using the whole-cell configuration of the patch-clamp technique [23] . The EPC-9 amplifier (Heka electronics, Lambrecht/Pfalz, Germany) was applied for signal enhancement. The PULSE/PULSEFIT program (Heka) was used for data acquisition and analyses. Leak subtraction was applied online in all experiments. The zero current was set by subtracting the DC (direct current) leak current based on the data points corresponding to the first stored segment. Pipettes (3-5 MΩ resistance when filled with standard intracellular solution) were made from thin walled borosilicate glass capillaries tubes (World Precision Instruments WPI) on a Zeitz DMZ Universal Puller (DMZ). Glass coverslips with attached single cells were transferred into a recording chamber and placed upon the stage of an Axiovert 135 TV inverted microscope (Zeiss). During measurements cells were constantly superfused using a gravitational perfusion system with a perfusion rate of about 2 ml per min. The bath temperature was held constant at 37°C. After establishment of the giga-ohmic seal, membrane capacitance C m and series resistance R series were compensated to minimize the capacitive transient. Only cells showing stable values were included in the analysis. APs were recorded in current clamp mode and I f -currents in voltage clamp mode. To measure APs and I f from the same cell, respectively, the patch-clamp mode was switched from current clamp to voltage clamp. The drugs used here were diluted to the required concentration in external solution and applied via the perfusion system. CMs were assigned to a distinct subtype according to the measured membrane potential, the upstroke velocity and the AP duration. For I f recording, hyperpolarizing steps from a holding potential of -55 mV (20 ms) to the range of -135 to +35 mV (360 ms each) in 10 mV-steps were applied to determine conductance-voltage relationships. The currents were normalized by 
Data analysis
From the I-V relations, specific conductance of I f was determined for each cell according to the equation g=I/(V m −V rev ), where g is the conductance calculated from the current amplitude I, the membrane potential V m , and the reversal potential V rev . The numbers stated in the figures indicate the amount of measured cells or EBs, respectively, if not mentioned elsewise in the legends.
Results were expressed as mean ± SEM. Paired student´s t-test was used for statistical analysis. Values with P<0.05 were considered as statistically significant (*).
Results
Differentiation of murine ES and iPS cells towards spontaneously beating cardiomyocytes
To investigate the maturation process towards the formation of typical growing cell clusters called embryoid bodies (EBs), we induced cell differentiation of miPSCs towards CMs in the presence of 3 mg/ml ascorbic acid. During the differentiation process, the EBs started to contract spontaneously from day 8 onwards. The morphology of miPSC-EBs was similar to this of mESC-EBs (Fig. 1A, left panel) . However, miPSC-derived EBs showed a significant growth delay at the early stage of differentiation compared with the mESC-EBs (triplicates experiment, P<0.05) (Fig. 1A, right panel) . At EDS, the size of miPSC-EBs was 109±14 µm 2 (n=12), and the size of mESC-EBs was 209±26 µm 2 (n=14). However, both cell types showed similar EB sizes at LDS (miPSCs: 511±40 µm 2 (n=12), mESCs: 490±35 µm 2 (n=9)). To assess the efficacy of miPSC differentiation toward CMs, 1000 EBs were cultured and monitored daily for the presence of contractions for up to 15 days after initiation of the differentiation, respectively (Fig. 1B) . The percentage of miPSC-EBs displaying contracting areas at day 8 or 9 was nearly 100% and remained constant over the course of differentiation.
The percentage of beating EBs derived from mESCs differed significantly at all observed days and first showed the highest amount of beating EBs at day 10 (~64%) of differentiation and declined to ~23% at day 15. Furthermore, we performed immunocytochemical staining to proof the cardiomyogenic differentiation potential of UTF1-Neo selected miPSCs. The presence of cardiac-specific proteins and their structural organization were studied in dispersed single cells derived from contracting EBs. Figure 1C shows representative positive staining of the myocytes with cardiac-specific α-actinin and troponin T. Both proteins were strongly expressed in day 15 CMs generated from mESCs and miPSCs. The high-resolution images (Fig. 1C, inserts) revealed the presence of CMs with well-organized and similar cross striation, indicative of a regular sarcomeric pattern organization.
Functional characterization of CMs derived from UTF1-selected miPSC differentiation
To investigate the electrophysiological properties and the integrity of CMs derived from miPSCs after UTF1 selection, the current-clamp method was used to record APs in single cells. In all three stages of differentiation (EDS, IDS, and LDS), we detected APs of all 3 major CM-subtypes, namely, nodal-, atrial-, and ventricular-like cells ( , and action potential duration (APD) at 30%, 50%, and 90% of repolarization (summarized in Table 1 ) as previously described [25] . At EDS, 21, 31, and 48% of APs for atrial-, nodal-, and ventricular-like cells, respectively, could be identified (Fig.  2B) . The amount of atrial and ventricular cells decreased at IDS (14%, 45%, respectively) and both changed to 30% at LDS. The percentage of nodal cells increased with differentiation to 41% at IDS and stayed relatively constant (40%) at LDS. Spontaneous AP parameters of CMs derived from miPSCs at LDS were comparable with control mESC-derived CMs of the same stage of differentiation [26] . Cardiac cells generated from miPSCs at EDS showed mostly irregular beating pattern, and they featured slightly variable AP shapes from cell to cell. Table 1 shows that the AP amplitudes (APAs) of all measured cells were relatively constant during differentiation despite relatively small fluctuations in the membrane potential. The maximal diastolic potential (MDP) of atrial-and ventricular-like CMs increased over the course of differentiation, while the MDP of nodal cells stayed constant. From EDS to LDS the spontaneous beating rates increased significantly in atrial, nodal, and ventricular CMs. Accordingly, the maximal velocity of depolarization (V max ) also showed an increasing tendency with differentiation in all cardiac cell types. In nodal-like cells of EDS and LDS, V max was clearly lower than in atrial-and ventricular-like cells. AP durations (APDs) for all three cell types decreased significantly during the differentiation (Table 1) .
To assess the functional integrity of the CMs (intact response to hormones, transmitters of the central nervous system, and the β-adrenergic and muscarinic signaling pathways), we determined the effect of isoproterenol (Iso) and carbachol (Cch) on CMs at EDS and LDS. Figure 2C and 2D illustrate the effect of both drugs on the AP frequency. The application of Iso (1 µM) and Cch (1 µM) during the recording of APs induced a significant positive (Fig.  2C , above) and negative (Fig. 2C , below) chronotropic effect, with respect to the stage of differentiation and the cardiac subtype as shown in Figure 2D and Table 2 (P<0.05). However, some EDS and LDS CMs did not respond to these drugs (drug-responding cell fraction shown in Fig. 2C , right panel, Table 2 ). These cells were, therefore, considered as "not responding" and excluded from the statistical analysis. The atrial-like CMs at EDS responded to neither Iso nor Cch (Fig. 2C, right panel) . 17% of the EDS nodal cells responded to Iso, while none of them showed any changes in the beating frequency after application of Cch. Of the early ventricular cells 25% responded to Iso, and 13% to Cch. Thus, from all measured EDS CMs only very few showed a reaction after drug application, however, even in these cells the frequency (Table 2 ). In LDS, most measured CMs (~70 to 80%) showed a significant drug-induced change in the beating rates of. all three cell types (P<0.05) (Fig.  2D , Table 2 ). The most obvious change could be determined in ventricular-like CMs after application of Iso, which induced a frequency increase of 134±25% (from 266± 50 bpm to 622± 38bpm) (P<0.05) in LDS. In atrial CMs the change accounted for 68±5% (from 344±43 bpm to 576±70 bpm), in nodal CMs for 79±8% (form 262±32 bpm to 469±55 bpm). The application of Cch resulted in a decrease of the beating frequency of about 60% in all LDS CMs. The results clearly show that CMs generated from miPSCs after UTF1 transfection are functionally intact and that these cells display typical features of the hormonal regulation of chronotropy (conduction velocity) in the late differentiation stages.
HCN Gene Expression in miPS-CMs
To evaluate the expression levels of cardiac HCN channel isoforms in miPS-CMs, RT-PCR was performed. Figure 3A shows the transcription level of HCN genes (HCN1-4) in undifferentiated miPSCs and mESCs and in autonomously, spontaneously contracting EBs at day 11, day 13 and day 15 of differentiation. The analysis of the expression levels ( Fig. 3B ) revealed that all HCN subunits were expressed in undifferentiated miPSCs. The expression levels of HCN1 during day 11 and day 15 of differentiation did not differ much from each other, compared to HCN2 and HCN3, which suggest considerable decreases in beating clusters of EBs at day 15 of differentiation, indicating changes in the expression levels of HCN genes during the differentiation process to CMs. Interestingly, only few undifferentiated mESCs expressed HCN1 and HCN4 gene transcripts at detectable levels, in contrast to undifferentiated miPSCs. Moreover, the expression level of HCN1 appears to be very low in differentiated mESCs from EBs harvested on day 15, although this transcript showed a stronger expression in these cells at days 11 and 13 of differentiation. In miPSCs, HCN4 remained relatively constant throughout differentiation, showing a relatively high expression level, while our experiments suggest a lower expression level of HCN4 in mESCs of LDS compared with EDS (Fig. 3B) .
To determine whether the results from RT-PCR analyses are reflected on protein level, we performed immunocytochemistry on CMs generated from miPSCs at day 15 of differentiation using subtype-specific anti-HCN antibodies (Fig. 4) in comparison to mESC-derived CMs. We examined the expression of various HCN isoforms on protein level of single cardiac cells, which we co-stained with caveolin 3 as a muscular/cardiac differentiation marker to confirm myocyte identity. In agreement with the RT-PCR results, we found that LDS CMs from both mESCs and miPSCs expressed all HCN subunits (red), which were distributed over the cell membrane of caveolin 3-expressing cells (green). The stainings suggest, that HCN1 was relatively highly expressed in miPSC-compared with mESC-derived LDS CMs, whereas other HCN isoforms (especially HCN3) were expressed at lower levels in miPSCs compared with mESCs, confirming the PCR data. In all four HCN/caveolin co-stainings, we identified cells positive for caveolin, but negative for HCN, suggesting that not all CMs express HCNproteins (Fig. 4, HCN-neg.) .
Identification of functional If current
Because miPSC-derived CMs express HCN (especially HCN4 and HCN1 isoforms) typically found in the SAN, we also analyzed their APs and I f currents using the patch-clamp technique. APs and I f currents were recorded from the same cell by switching from current-to voltage-clamping as previously described [4] . None of the measured undifferentiated miPSCs (n=50) showed any I f current (Fig. 5A, left panel) . The voltage-clamp protocol used and the typical representative current traces recorded in undifferentiated cells and spontaneously beating CMs at EDS and LDS are depicted in Figure 5A , left panel. The percentage of miPSCderived CMs expressing I f is shown in Figure 5A , right panel. The I f current was detected in 71%, 80%, and 76% of measured CMs at EDS, IDS and LDS, respectively. The voltage- (Fig. 5C ). The I-V curves show that the I f current activation range extended from approximately -50 to -135 mV. We measured the current density (I-V) relationships at the end of each voltage step and normalized them to the maximal current density to generate a conductance relation (Fig. 5D ). The membrane conductance g was calculated by g=I/(V-V rev ) and normalized to the maximal conductance g max . The voltage V rev of the I f current in each differentiation stage is defined as the voltage at which the current reverses from negative into positive values. It was determined from the I-V relationships shown in Figure 5C and amounted to -55 mV, -55 mV, and -45 mV in EDS, IDS, and LDS cells, respectively, which is similar to the MDP values recorded from the APs of spontaneously beating CMs at the same stage of differentiation (Table 1) . However, a precise threshold activation of I f could not be determined because each cell operates safely within a normal voltage range, depending on the stage of maturation, and may become unstable if charged to higher voltages, as previously described [16] . A comparison of the activation kinetics during differentiation was performed by mono-exponential fittings in CMs at EDS, IDS, and LDS. With more negative voltage pulses the activation of the measured current became progressively faster. Figure 5E Of the EDS CMs, the main portion (70%) of the measured cells showed slow and regular APs. From these 70%, 10% did not display I f currents ( Fig. 6 and Table 3 ). Slow and irregular APs could be observed in 13% of EDS CMs. 17% displayed fast and regular APs, 13% of these did not show any I f currents. None of the early CMs displayed fast and irregular APs. In LDS, the main portion of the cells, 78%, showed fast and regular beating, 6% of these did not show any I f currents. Minor portions showed fast and irregular APs (6%), and slow and regular APs (17%). Slow and irregular APs were not measured at all in LDS CMs (Table 3) .
Pharmacological properties of HCN channels in miPS-CMs
To evaluate the functionality of the HCN channels and the contribution of I f current to the automaticity of miPS-CMs, we examined the effect of the two I f inhibitors, cesium chloride 
(CsCl) and ZENECA ZD7288 (4-(N-ethyl-N-phenylamino)-1,2-dimethyl-6-(methylamino) pyrimidinium chloride) (ZD7288), non-specific and specific HCN blockers, respectively. In Figure 7A , representative I f current traces recorded in single LDS CMs in control solution and in the presence of CsCl (10 mM, as previously used [27] ) and ZD7288 (10 µM, as previously used [24] ) are shown. The extracellular application of both drugs to miPS-CMs strongly inhibited the current amplitude and density of inward I f at -135 mV at EDS, IDS, and LDS. Application of CsCl significantly blocked the I f density by 81% (from 39.1 ± 9.5 pA/ pF to 7.5 ± 1.8 pA/pF) at EDS and 91% (from 18.7 ± 3.2 pA/pF to 1.4 ± 0.2 pA/pF) at LDS, respectively, whereas ZD7288 significantly reduced the I f density by up to 93% (from 15.9 ± 4.9 pA/pF to 1.5 ± 0.5 pA/pF) at EDS and 86% (from 20.4 ± 4.1 pA/pF to 2.8 ± 1.4 pA/pF) at LDS, respectively (P<0.05) (Fig. 7B) . The blocking effect of CsCl set in significantly faster (EDS: 95±12 s, LDS: 101±19 s) compared to this of ZD7288 (EDS: 384±59 s, LDS: 304±60 s) (P<0.05) (Fig. 7C) . The inhibition of I f was accompanied by a slowing of the spontaneous AP firing rate and a prolonged AP depolarization phase (Fig. 7D) . After applying the respective drug, the beating frequency in EDS CMs decreased significantly from 196±29 beats/min (bpm) to 10±8 (with CsCl) and 15±11 bpm (with ZD7288). In LDS CMs the beating frequency decreased significantly from 558±36 bpm to 156±36 bpm and 361±15 bpm (P˂0.05) in the presence of CsCl and ZD7288, respectively (Fig. 7D, right panel) . Approximately 2-3 min after drug application, 81%, and 38% of CMs at EDS and LDS, respectively, stopped beating. Taken together, miPSCs selected by the UTF1 vector provide an interesting tool for applications in pharmacology and event toxicology. Moreover, it suggests that these cells were committed to mostly pacemaking nodal CMs expressing I f channels, thus confirming not only the contribution of I f channels to the generation of spontaneous activity but also their function in controlling the beating rate of CMs. 
Discussion
The present study shows the capacity of UTF1-selected miPSCs to differentiate into CMs with less variability in terms of beating activity for an extended period compared to mESCs; the fraction of spontaneous contractile EBs was higher in miPSC-EBs (Fig. 1) . CMs derived from miPSCs showed APs of all three cardiomyocyte subtypes, functional β-adrenergic and muscarinic signaling (Fig. 2) , the expression of heart-specific HCN isoforms 1 and 4 ( Fig. 3 and Fig. 4) , and functional I f currents at EDS, IDS and LDS (Fig. 5) .
In our study, we demonstrate the molecular composition and functional properties of HCN channels in CMs derived from UTF1-selected miPSCs during differentiation through EB formation. Using molecular analysis and patch-clamp recordings, we found some novel and important pieces of information regarding HCN isoforms, in particular HCN1 and HCN4, in mammalian CMs. RT-PCR analyses revealed the mRNA expression of all HCN subunits in undifferentiated cells and in CMs of day 11, 13, and 15 (Fig. 3) . Both, RT-PCR results and immunostainings of the HCN isoforms indicate a prevalent expression of HCN1 and HCN4 isoforms in miPS-CMs in a differentiation-stage-dependent manner, which appears to be higher in miPS-CMs as compared to mESC-CMs ( Fig. 3 and 4 ). HCN2 and HCN3 expression was found to be already present in undifferentiated mESCs and in miPSCs. HCN2 mRNA expression was observed to decrease over the course of miPSC and mESC differentiation. The levels of HCN3 in mESCs appear higher compared to miPSCs. They also show a decreasing tendency in miPSCs. These results are in line with previous findings in mESCs, where HCN2 and HCN3 have been shown to be present not only in early but also in late stages of differentiation [28] . The differences in HCN-protein expression between mESC and miPSCderived CMs might be due to different fractions of cardiomyocyte subtypes and changing expression levels of the isoforms during development. In mature hearts, HCN1, HCN2, and HCN4 isoforms have been shown to be expressed [29] , while very low levels of HCN3 have been detected. Only HCN4 has been shown to be the specific marker of pacemaker cells; HCN4 is expressed in up to 80% of the SAN and is considered to be crucial for the initiation and control of beating activity of these cells [7] . However, previous studies also revealed that the HCN1, HCN2, and HCN3 isoforms are variably distributed in the SAN as well as in other cardiac regions and excitable tissues [28, 30, 31] . Additionally, there is a high variation of HCN isoform expression according to species. For example, HCN4 is the dominant isoform in adult human, rabbit, and mouse SANs, whereas in the adult rat SAN, HCN2 is the predominant HCN isoform [11, [32] [33] [34] [35] . In general, HCN channels play an important role in cardiac pacemaker activity and thus for the initiation of contractility. Indeed, HCN2-knockout mice show a reduced I f current with relative sinus arrhythmia at rest [36] , whereas HCN4-knockout mice die during embryogenesis owing to heart rhythm disturbances [33] .
Immunostaining furthermore revealed a co-localization of caveolin 3 with all HCN subunits in the late differentiation stage of mES-and miPSC-derived CMs at single cell level (Fig. 4) . Caveolin 3 is a structural protein of muscular/cardiac caveolae that regulates channel activation properties and responsiveness to adrenergic modulation [36, 37] . Predominantly, expressed in SAN cells, it has been shown to colocalize and interact with HCN4 in isolated myocytes. This interaction seems to be critically important for HCN channel function and modulation [36] . It has also been shown, that a developmental change in HCN-caveolin 3 association exists in CMs [37, 38] . Due to the influence of I f , on the diastolic membrane potential, developmental changes in channel compartmentalization and the association to caveolin 3 may play an important role for the cell physiology and the progression towards the adult cardiac phenotype. Our results support that both the acquisition of nodal-like phenotype typical of SAN cells and a precise sarcolemmal organization of HCN channels and caveolin 3 proteins occur in a development-dependent manner. As it has been demonstrated in mESCs, a colocalization of HCN1 and caveolin 3 could also be possible in miPSC-derived CMs [36] . Indeed, HCN1 and HCN4 are the HCN isoforms that are most highly expressed in SAN cells of different species [32, 39, 40] . HCN staining reveals a ubiquitous distribution of HCN channels in the cell membrane of CMs. It has been shown that subunit heteromerization [41] .
The growing percentage of drug-responsive miPSC-derived CMs from early to late stages observed here shows an increasing maturation level during differentiation (Fig. 2) .. Despite the presence of all HCN subtype transcripts in undifferentiated miPSCs (Fig. 3) , we were not able to record I f currents in whole-cell patch-clamp experiments (Fig. 5) ; this could be attributed to the lack of functional channels, immaturity or low current flow in undifferentiated cell membranes, as previously suggested [31] . However, we recorded I f and observed an increase in I f current densities in most CMs in a development-dependent fashion (Fig. 5) . This has been shown before by others in CMs derived from human ESCs [29, 37] , suggesting that this developmental progress might be similar in murine and human CMs. In fact, it seems that in ESC-derived CMs of EDS, the primitive pacemaker potentials are generated by I CaL and I K,to but not by I f [42] . The increase in I f current was correlated with a decrease in the expression of HCN2 and HCN3, whereas HCN1 and HCN4 expression remained relatively unchanged in the later stages of differentiation (Fig. 3) . The I f current, which is the mixed inward current carried by Na + and K + ions, is characterized by (i) channel activation via membrane hyperpolarization, (ii) channel activation via direct interaction with cAMP and (iii) a specific pharmacological profile [7] . As previously reported [31] , we also found CMs harvested from beating EBs at the late stage of differentiation (day 15), expressing either a rapid or slow I f current activation (Fig. 5) . The occurrence of a fast kinetic activation of I f has been postulated by several authors in different CM-species [31, 43] . However, it is not a fully established concept and has to be further investigated. While the slow activation is attributed to cations passing the channel pore, the nature of the fast activation is not yet clear. We observed that in some CMs, the I f current could not be recorded despite the spontaneous beating activity determined by AP measurements. These cells, mostly recorded in the early stage of differentiation, show more immature properties; indeed they beat regularly but more slowly than LDS cells (Fig. 6) . In fact, the efflux of Ca 2+ from intracellular storage via Inositoltriphosphate (IP3), the sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) or the ryanodine receptor (RyR) may contribute to the beating activity of CMs that do not possess functional and measurable I f currents [4, 44] because a block of L-type Ca 2+ channels has been shown to abolish the beating activity in iPS-CMs [2, 22] . Most CMs recorded in the late stage of differentiation possess detectable I f currents and beat faster with regular rhythm. The presence of I f currents in most CMs at the late stage compared with the early stage of differentiation shows an ongoing maturation and the expression of HCN and others ion channels, which has been suggested to contribute to spontaneous activity in neonatal and adult CMs [4, 45, 46] . The leftward shift of half maximal activation potential of I f current may be explained by modifications in channel composition during the developmental process. Moreover, different factors are likely to contribute to this modification, including the interaction with caveolin3 that different data present in literature report to increase during cardiomyocyte maturation [47] . However, further investigations are needed to confirm this statement. The changes in the I f current may also reflect variations in the intracellular cAMP level, as cAMP is considered to be a second messenger in I f current modulation [6] . In agreement with previous studies in different cell types and species as well as cells lines [48] [49] [50] [51] [52] , we found that the I f blockers CsCl and ZD7288 dramatically reduced the density of the I f current and decreased the AP frequency of CMs derived from UTF1-selected miPSCs in a development-dependent manner, confirming that I f is specifically involved in the initiation and maintenance of spontaneous activity and the rate control of isolated CMs (Fig.7) . As evidence indicates, β-adrenergic receptor (AR) stimulation increases AP frequency and I f by shifting the activation curve of the current to the right, as opposed to the left shift of the I f current activation curve induced by muscarinic receptor stimulation via the inhibition of adenylate-cyclase and cAMP [6] .
Because the investigated UTF1-selected miPSCs show similar and even improved properties compared with control mESCs, these cells could serve as a model to determine drug influences on the ion channels or on cell metabolism, or even for future transplantation Especially the large ratio of pacemaker-like cells might be an advantage for therapeutical applications that acquire a controlled composition of cell types. To represent functional cell populations in a mature in vivo-like cardiac tissue, certain homogeneity of the cells is important. Furthermore, the high degree of spontaneously contracting areas inside the miPSC-derived EBs and the constancy of this high amount of beating cells during development might prove them to be an interesting cell source for pre-clinical drug development projects or the optimization of biological pacemakers in heart therapy.
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